Własności magnetyczne nanodrutów Fe osadzonych elektrolitycznie w samouporządkowanej membranie tlenku glinu
Introduction
Over the last two decades, electrochemical syntheses of metallic nanowires within the pores of porous membranes (for example polycarbonate and anodic alumina membrane) have attracted considerable attention because of their optical [1] , electronic [2] magnetic properties [3, 4] and potential for nanotechnological applications. The idea of employing a membrane as a template for fabrication of metallic nanowires by electrodeposition process is considered as an alternative solution to overcoming the difficulty of fabricating fibrils with very small diameters by lithographic methods [5] .
Membrane parameters, electrodeposition parameters, selection of metal as well as membrane preparation strongly affect the nanowire properties. Many studies have been performed to determine the magnetic properties of metal nanowires [6] [7] [8] . The studies show both an increase [9, 10] and a reduction [11, 12] of coercivity value with a decrease in nanowire diameter and length occurred with an easy axis of magnetization along nanowires. Membrane parameters can also affect the crystalline structure of nanowires [13] . Some studies show that the electrodeposition parameters, such as electrolyte composition, temperature, pH or cathodic potential, influence the structure and magnetic properties of nanowires [14] [15] [16] . The concentration of metal ions, as well as the addition of a buffering factor can show a positive effect on the magnetic properties of the nanowires [14] .
The magnetic properties of a nanowire can be induced, among other things, by the selection of a metal or alloy. The high saturation magnetization (M s ) materials, such as Fe (2.2 T) and CoFe (2.4 T) can achieve a sufficiently high shape anisotropy [17] . Moreover, iron exhibits low cubic magnetocrystaline anisotropy, allowing improvement of the magnetic anisotropy to be obtained by means of the selection of optimum material geometry. The total anisotropy represents the competition among magnetocrystaline, shape and magnetoelastic anisotropies and dipolar interaction [18] . Magnetoelastic anisotropy, originating from external stress on the ferromagnetic material, may also affect the direction of the favored magnetization. The low porosity value and high misalignment of nanowires reduce dipolar interaction between nanowires, also strongly influencing the magnetic properties.
Fe nanowires exhibit high magnetic coercivity resulting from the shape anisotropy and orientation of nanowire assemblies, nonetheless only a few publications have reported the morphology of Fe nanowires [3, 17, 19] . In this paper, the deposition conditions which need to be improved, such as the potential and pore diameter of the membrane, were examined.
Experiment
The aluminum composition and detailed information about the process of the preparation of samples for the anodic oxidation process have been presented in an earlier paper [20] .
The process of anodic oxidation was carried out in two stages. The anodic alumina was formed at a constant voltage in the two solutions: 0.3 M oxalic acid at 2°C; 0.17 M phosphoric acid (V) at −1°C. The time of the first anodizing for oxalic acid solutions was 24 hours, whereas for the orthophosphoric acid -2 hours. After the first anodizing stage, the oxide film was removed by immersing the samples into the solution of the composition: 0.6 M H 3 PO 4 ; 0.2 M CrO 3 , at 80°C for 2 hours. After removal of the oxide film, the samples were subjected to the second anodizing stage under the same conditions as the first one. The time of the anodizing oxidation process affects the thickness of the oxide films. The second anodizing process for the solutions of oxalic and orthophosphoric acids lasted for 6, and 10 hours, respectively. After the two anodizing stages, the aluminum substrate was removed in the mixture of the 0.2 M HCl and 0.1 M CuCl 2 solution in order to open pores. The barrier layer on the sample bottom was etched in 0.86 M H 3 PO 4 at 30°C. After the removal of both the aluminum and the barrier layer, a thin film of gold was sprayed onto the sample surface from the side of the open pores in order to provide an electric contact during the process of the electrodeposition of nanowires. In the areas from which the aluminum substrate was removed, a film of cooper was deposited by means of electrolysis in potentiostatic conditions. The diagram of the electrolyzer used in the experiment and the methodology of the preparation of the membrane is provided in detail in the paper [21] .
The alumina membranes of a nanoporous and ordered structure with defined pore dimensions (diameter, height, distance between them) were obtained. During the electrolysis process, Fe was deposited cathodically in the pores of the obtained membranes. The process carried out from sulfate solutions of the composition: 0.5 M FeSO 4 ; 0.3 M H 3 BO 3 ; 0.25 M C 6 H 8 O 6 . The pH value of the solution was 3 and it was controlled by adding sulfuric acid (VI) or sodium hydroxide. All experiments were carried out at room temperature in the three-electrode system, where a saturated calomel electrode was used as a reference (SCE, 0.241 V vs. SHE). All the potentials were recorded in relation to the SCE electrode, and then converted and presented with reference to the standard hydrogen electrode (SHE). A platinum plate was used as the counter electrode. The area of the working electrode surface was 0.785 cm 2 . The experiment was carried out with "Autolab" potentiostat. The potential was selected on the basis of the chronoamperometric and cycling voltamperometry experiments [21] .
The morphology of the oxide films and their cross-sections were observed with the use of the high resolution scanning microscopy technique with the field emission. The scanning microscope (HITACHI S-4700°) was equipped with an EDS system for chemical composition analysis (NORAN VANTAGE). Structural studies were carried out with the use of the X-ray diffractometer (BRUKER AXS "Discover 8") and filtered Cu Ka radiation. The investigation of the magnetic hysteresis loop and its parameters (coercivity, saturation field, saturation magnetization and the remanence) was conducted with the use of the Resonance Vibrating Sample Magnetometer (R-VSM) in the magnetic field directed both perpendicular and parallel to the wire axis.
Results

The influence of the cathodic deposition potential
The electrodeposition of Fe nanowire arrays was carried out in the membrane pores at the following dimensions: the diameter of the pores D p = 70 nm, the distance between the pores D c = 110 nm. During the electrodeposition process, different potentials were applied: −0.8 V; −1.0 V; −1.1 V and −1.2 V (vs. SHE). The time of electrolysis was kept constant and equaled 35 minutes. The relationship between the height (L) of the obtained nanowires and cathodic potential deposition (E) is shown in Table 1 and Figure 1 . The results obtained in the measurements show that the height of the Fe nanowires is significantly dependent on the potential of electrodeposition. The obtained materials were observed with the use of the scanning microscopy technique (SEM). Figure 2 shows an exemplary photo of the Fe nanowire arrays deposited in the pores of the Al 2 O 3 membrane (the height of the nanowires L ≈ 10 μm). The SEM investigation shows that the formation of wires starts in the lower part of the Al 2 O 3 membrane.
We used X-ray diffraction analysis to study the crystallographic structure of iron nanowires. In the diffractogram (Fig. 3) , clear reflections characteristic for the Fe of the crystallographic indices (100), (211) can be seen. On the basis of the X-ray analysis it was found that the iron wires of the bcc structure had been built in the pores of the alumina membrane. Table 2 . The privileged magnetization direction is kept along the axis of wires (easy direction), whereas the field direction perpendicular to the wire axis of wires is the difficult direction. All samples demonstrate easy axis of magnetization along nanowire axis. We obtained the largest value of coercivity (344 Oe) for the nanowires deposited at a low cathodic potential −1.0 V (Fig. 4a ), while at higher potentials (−1.1 V and −1.2 V) we observed a smaller coercive field being 230 Oe and 220 Oe, respectively. The decrease in the value of the coercive field along with the increase in the potential of wire deposition was also observed by other studies [1, 6, 17] . For the sample deposited at −1.0 V, independently of applied magnetization direction, the same value of coercivity H c = 344 Oe was observed. This is confirmed by the evident differences in the remanence squareness between the magnetization curves. Along with the increase of the cathodic deposition potential, a decrease of the effective anisotropy was observed (Figs. 4a-c) .
The relationship between the remanence squareness and the deposition potential of nanowires is presented in Figure 5 . The remanence squareness measured perpendicularly to the sample plane (i.e. parallel to the wire axis) is higher when compared with the squareness for the magnetic field in the parallel direction to the sample plane. With the increase of cathodic potential (increase of wire length from 10 μm at −1.0 V up to 32 μm at −1.2 V), a pronounced decrease from 0.48 to 0.22 of the squareness directed perpendicular to the sample surface is observed. The largest differences of the remanence squareness within the sample plane and perpendicularly to it are observed for the lower cathodic potential, i.e. −1.0 V (Fig. 5) . The cathodic deposition potential of Fe nanowire arrays significantly affects the morphology and magnetic properties. The increase of the cathodic potential turned out to have a disadvantageous influence on effective anisotropy and coercivity value. The easy magnetization direction is oriented along the wire axis. In other studies, it has been reported that an increase of the cathodic potential can enhance effective anisotropy and coercivity along nanowires [14, 17] , as well as acting in the opposite way [6, 17] .
The influence of the pore diameter
The electrodeposition of Fe wires was carried out with the use of membranes, the pore diameter of which are 70 and 100 nm, whereas interpore distance are 110 and 250 nm, respectively. In order to minimize the influence of the dipolar coupling between neighboring wires, the height of the wires was kept constant and amounted to 10 μm. Figure 6 shows the magnetization curves for the iron nanowires deposited in these membranes. Furthermore, in Table 3 , the values characterizing the magnetic field of the investigated nanowires are presented.
All samples demonstrate easy axis of magnetization along nanowire axis and square-like shape of loops. Along with the increase of pore diameters, a clear decrease of the coercive field (in both directions of the magnetic field) and the remanence is observed in the magnetic field direct parallel to the wire axis. We obtained the largest value of coercivity (344 Oe) and the largest squareness (0.48) for the nanowires with the 70 nm pore diameter (Fig. 6a ).
An increase of pore diameter changes the shape of loops measured for in-plane geometry, which get narrower. Moreover, towards the field perpendicular to the wire axis, a co-existence of both easy and difficult magnetization axis can be observed (Fig. 6b ). Increasing the diameter of the iron wires and the distance between them affects the magnetic properties. There was a decrease in the field of coercivity and a slight decrease in magnetic anisotropy. This may be due to dipolar interactions in the arrays of wire which becomes stronger as their diameter increases. A decrease of pore diameter has the effect of causing a reduction in dipolar interactions between wires and thus an increase in the field of coercivity.
The reduction of the coercive field, the remanence and the remanence squareness M r /M s with the increase of pore diameter wires in other systems was also observed by Kac for Co system [6] , and Khan and Petrikowski [22] for CoFe system. The studies indicate that small pore diameter, low cathodic potential (small height) are optimal for obtaining samples with large coercivity along the wire axis.
Conclusions
The Fe nanowire arrays prepared into anodic alumina membranes with different pore diameters and electrodeposited under various cathodic potentials were investigated. The diffraction analysis of iron nanowires indicates the presence of the Fe phase of the Body Centered Cubic lattice with a strong reflection originated from the phase (110). The SEM images of the cross-section revealed well defined nanowires with the smooth lateral surface. The measurements showed that both the impact of the applied potential of deposition and membrane parameters (pore diameter) on magnetization characteristics is low. However, the performed studies allowed us to determine the deposition potential and dimensions of wires optimal for obtaining Fe nanowires with beneficial magnetic characteristics. We find that small diameters of nanowires and low cathodic potential are optimal to produce nanowires with magnetic anisotropy with an easy axis along the nanowire and a high coercivity value.
